Asthma phenotypes based on age-of-onset may be differently influenced by the interaction between variation in toll-like receptor (TLR)/CD14 genes and environmental microbes. We examined the associations between single-nucleotide polymorphisms (SNP) in the TLR/CD14 genes and asthma, and their interaction with proxies of microbial exposure (childhood farm exposure and childhood rural environment). Ten SNPs in four genes (TLR2, TLR4, TLR6, CD14) were genotyped for 1,116 participants from the Tasmanian Longitudinal Health Study (TAHS). Using prospectively collected information, asthma was classified as never, early-(before 13 years) or late-onset (after 13 years). Information on childhood farm exposure/childhood rural environment was collected at baseline. Those with earlyonset asthma were more likely to be males, had a family history of allergy and a personal history of childhood atopy. We found significant interaction between TLR6 SNPs and childhood farm exposure. For those with childhood farm exposure, carriers of the TLR6-rs1039559 T-allele (p-interaction = 0.009) and TLR6-rs5743810 C-allele (p-interaction = 0.02) were associated with lower risk of early-onset asthma. We suggest the findings to be interpreted as hypothesis-generating as the interaction effect did not withstand correction for multiple testing. In this large, population-based longitudinal study, we found that the risk of early-and late-onset asthma is differently influenced by the interaction between childhood farming exposure and genetic variations.
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The TLRs and CD14 receptors are pattern recognition receptors (PRR) found on the surface of macrophages and dendritic cells 6 . The CD14 is also found in a soluble form in the serum and confers LPS specificity to cells lacking CD14 receptors on the surface 7 . Recognition of microbial products by TLRs and CD14 induces production and release of Th1 proinflammatory cytokines such as IL-1 and TNF-α 8 . As TLRs and CD14 were heavily involved in the recognition of microbial compounds, genetic variation of these receptors can have a substantial effect on Th1/Th2 immune balance that directly influence the risk of asthma. Single nucleotide polymorphisms (SNPs) in the TLRs and CD14 genes have been associated with a change in amino acid sequence leading to a change in protein structure 9 , the level of gene expression 4 and serum IgE levels 10 . Despite evidence of a possible biological mechanism by which genetic variations in these SNPs may influence asthma risk, studies examining the association between the SNPs in the TLRs and CD14 genes and asthma risk have been inconclusive 11 . Given the complex interaction between TLR/CD14 genes and the environment, studies that have looked at either factor individually have produced inconsistent results. We recently conducted a systematic review of gene-environmental interactions for the CD14 gene and markers of microbial exposure. We found that high endotoxin exposure in early-life was associated with a lower risk of atopy in children with the CC genotype of the CD14-rs2569190 SNP 12 . Our review also identified a clear differential pattern of association based on childhood versus adult disease. The majority of gene-environmental interaction studies have focused on intermediate phenotypes of allergic disease such as IgE level and atopy with few studies in asthma 13, 14 and none have explored different phenotypes of asthma based on age. Refinement of asthma phenotype is critical to the examination of gene-environmental interactions as different asthma phenotypes such as those based on age of onset, are known to have distinct characteristics 15 .
Based on their importance in the immune response to microbial exposure we aimed to investigated the gene-environmental interaction between ten SNPs in the TLR2 (rs4696480, rs1898830, rs3804100), TLR4 (rs1927911, rs46986790), TLR6 (rs1039559, rs5743810) and CD14 (rs2915863, rs5744455, rs2569190) genes and exposure to childhood farm exposure or childhood rural environment on the risk of early-onset asthma or late-onset asthma. The selection of SNPs were based on previous candidate gene studies that had examined the relationship with either asthma, hay fever or atopic sensitisation (Table S1 ). The selection of CD14 rs2569190, rs5744455 and rs2915863 SNPs were based on their relationship with asthma or wheeze, sensitisation or hay fever 12 . The TLR6 rs5743810 and rs1039559 SNPs was selected because they have been shown to be associated with hay fever and sensitisation in three large GWAS studies [16] [17] [18] . The SNPs from the TLR2 and TLR4 were selected based on the associations shown with asthma and atopy, and their effect modification by farming exposure in a previous study 19 . We utilised data from the Tasmanian Longitudinal Health Study (TAHS) 20 , a population-based cohort followed from childhood to adulthood to examine the associations. We investigated if exposure to a farming environment or living in a rural area in childhood would modify the association.
Results
Characteristics of the study population. A total of 1,116 participants had both genotyping and data collected asthma and early-life environmental exposures and were included in this analysis (Fig. 1) . General characteristics of participants who were included in this study is shown in Table 1 . About forty-eight percent of the participants (n = 534) had early-onset asthma, 21.8% (n = 243) had late-onset asthma and 30.4% (n = 339) had never reported asthma over their lifetime. The median age of asthma for early-onset asthma was 3 years (interquartile range [IQR] 1-5) and 30 years (IQR 25-38) for late-onset asthma. Those with early-onset asthma were more likely to be males, had a history of maternal and paternal asthma and/or hay fever and a personal history of hay fever and eczema at age 7 years. Those with late-onset asthma were more likely to have current asthma and were using asthma medication (inhaled corticosteroid) at the 2002 follow-up.
Association between proxies of microbial exposure and asthma onset. We did not find an association between childhood rural environment and early-nor late-onset asthma (Table 2 ). There was also no evidence of an association between childhood farm exposure and either early-onset asthma or late-onset asthma.
Association between TLR2, TLR4, TLR6 and CD14 polymorphisms and asthma onset. The characteristics and distributions of the genotypes for each SNP is shown in Table 3 . For the genotype frequencies for each of the ten SNPs, there was no marked deviation from that expected under the HWE. The AIC and BIC scores was used to determine the best fitting genetic model for each SNP (Table S3 ). The association between each SNP and asthma risk was examined however we did not find any association between the SNPs and early-onset or late-onset asthma (Tables 4 and S2 ).
Interactions between genes and environment. We investigated whether childhood farm exposure or childhood rural environment modified the association between the TLR and CD14 SNPs and risk of early-and late-onset asthma. There was strong evidence for interactions between the TLR6-rs1039559 and TLR6-rs5743810 SNPs and childhood farm exposure for early-onset asthma (p = 0.009 and p = 0.02 respectively, Tables 5 and S5 ). For those with childhood farm exposure, the TLR6-rs1039559 T-allele was associated with a markedly reduced risk of early-onset asthma (additive genetic model for the T-allele OR = 0.34, 95%CI 0.16-0.73), but not for those without childhood farm exposure. Again in those with childhood farm exposure having the TLR6-rs5743810 C-allele was associated with a lower risk of early-onset asthma (additive genetic model for the C-allele OR = 0.41, 95%CI 0.19-0.86). No interactions were observed for those with late-onset asthma (Tables 5 and S4 ).
There was no evidence for an interaction between TLR6 polymorphisms and childhood rural environment for either early-or late-onset asthma (data not shown). Nor was there any evidence for an interaction between any of the SNPs and either childhood farm exposure or childhood rural environment in relation to the risk of early-or late-onset asthma (Table S5) .
Reanalyses of the interaction effects in this study did not withstand correction for multiple testing (data not shown). The p-values for the analyses are presented without adjustment and the results should be viewed as hypothesis-generating rather than proof of a causal association.
Sensitivity analysis for significant interactions.
We performed a sensitivity analysis that further refined early-onset asthma phenotypes into early-onset transient asthma and early-onset persistent asthma. Specifically, we examined the interaction between TLR6 SNPs and childhood farm exposure for these early-onset asthma phenotypes and found comparable findings for both phenotypes. The findings for each groups were comparable to the combined early-onset asthma group (Table S6) . Those with the TLR6-rs1039559 T-allele with childhood farm exposure had lower risk of early-onset transient and early-onset persistent asthma compared to those without childhood farm exposure. The findings were similar for the TLR6-rs5743810 whereby those with the C-allele and childhood farm exposure had reduced risk of early-onset transient asthma and early-onset persistent asthma. We then removed individuals who had asthma before age 5 years and repeated the analysis of our main findings (Table S7 ). The findings for the interaction between TLR6 and childhood farm exposure for asthma were strongly comparable to the findings with all participants included.
Discussion
Using a longitudinal cohort that has been followed from childhood (age 7 years) into adult-life (age 45 years when this clinical study was conducted), we identified an effect modification by farm exposure in childhood on the association between TLR6 SNPs and asthma phenotypes based on age of onset. Being exposed to a farm environment in childhood was protective against early-onset asthma for those with TLR6-rs1039559 T-allele and TLR6-rs5743810 C-allele, showing a clear difference in the pattern of interaction for early-and late-onset asthma. We did not observe any association between TLR2, TLR4 or CD14 SNPs and asthma onset, nor was there any modification of these relationships by childhood farm exposure/childhood rural environment.
The TLR6 is located on chromosome 4p14, a region that was consistently associated with atopy in three GWAS [16] [17] [18] . Early-onset asthma is more likely to be attributable to atopy 15 and therefore it is not surprising to observe some evidence for the association between the two TLR6 SNPs and early-onset asthma but not late-onset asthma in our study. In our data, early-onset asthma were more likely to have a history of atopy in childhood than those with late-onset asthma. Only about 22% of those with early-onset asthma had adult current asthma whereas about 59% of late-onset asthma had adult current asthma by age 44 years. We have also shown previously that early-and late-onset asthma exhibit different clinical characteristics in our study 21 . Our findings were also consistent with several other studies that have also found some evidence of an association between TLR6-rs5743810 T-allele and atopic asthma 9 , allergic rhinitis 22 and allergic sensitisation 23 in children. We are aware of only one previous study that examined the interaction between TLR6 SNPs and proxies of microbial exposure and allergic disease outcomes 23 . In contrast to our finding of a lower risk of asthma in Table 2 . The association between proxies of microbial exposures and asthma onset. There is some evidence from in vitro studies of a variable response to bacterial cell products with the TLR6-rs5743810 SNP. A polymorphism of C to T in the TLR6-rs5743810 resulted in a change in amino acid from proline to serine at position 249 in the extracellular domain of the receptor. Although the effect on the structure is still unknown, studies using peripheral blood cells shown that the TLR6-rs5743810 C-allele showed greater NF-κ B signalling activity in response to stimulation by lipopeptide when compared to the TLR6-rs5743810 T-allele 24 . The higher NF-κ B signalling in turn resulted in higher TLR6 mRNA gene expression and higher IFN-γ levels, thereby promoting greater Th1-immunity with a matching reduction of Th2-immunity 9 . This mechanism could explain the observed reduced risk of asthma in those with the TLR6-rs5743810 C-allele who were exposed to a farm environment in our study.
We did not find any evidence of modification by childhood farm exposure or childhood rural environment on the relationship between any of the CD14 SNPs and asthma risk. This is consistent with a case-control study of adults that found no association with the CD14-rs2569190 SNPs and asthma for those who lived in the country in childhood 13 . A systematic review of GxE in the CD14 gene showed consistent evidence of a decreased risk of allergic sensitisation in childhood when exposed to high levels of endotoxin in carriers of the CD14-rs2569190 CC-genotype 12 . Importantly this consistent effect was only seen for atopy assessed in childhood, and no consistent effect was observed for outcomes other than allergic sensitisation. Unfortunately we did not have an objective marker of microbial exposure such as endotoxin levels in the current study to fully examine the relationship between CD14 and microbial exposure and asthma risk.
At present, any effect of the TLR2 and TLR4 gene polymorphisms on asthma is still largely undetermined. A recent meta-analysis showed no evidence of association between TLR4-rs4986790 and asthma 25 . For TLR2, two studies found a reduced risk of asthma in children with A-alleles of the rs4696480 SNP 19, 26 . Another study found a reduced risk of doctor-diagnosed asthma in adults with a T-allele of the TLR2-rs4696480 SNP 27 . Two other studies, however, reported no association between asthma risk and TLR2-rs4696480 in children 9 and adult 28 . We found no evidence of association between TLR2-rs4696480 and asthma, and the association was not modified by childhood farm exposure or childhood rural environment. The inconsistency in the findings across studies may be due to variation in the definition of asthma across studies.
Farm exposure is commonly used as a proxy for microbial exposure 1 and has been consistently reported as protective against atopy and asthma, albeit mainly in cross-sectional studies 29 . We did not find any association between childhood farm exposure and asthma per se in the current analysis. Past studies of childhood farming exposure have used a variety of ways to define "farming exposure" including "growing up on a farm/ farm residence" 30 , "physical contact with farm animals in childhood" 31 , "regular consumption of unpasteurised farm milk" 14 and "parental farming occupation" 32 . Of these, "farm residence" and "parental farming occupation" have been most utilised in epidemiological studies 29 . We used father's reported occupation when the child started school to define exposure. Since information on father's occupation was collected prior to parental report of asthma status in the child, any misclassification of true exposure to a "farm environment" is likely to be non-differential. We did not find an association between childhood rural environment and early-onset and late-onset asthma. Classification of childhood rural environment was based on the postcode of the school that the child attended in year 1968, and hence, it may not capture the true effect of microbial exposures.
Strengths of our study include the large cohort of individuals and the prospective data collection enabling us to accurately classify participants into different asthma phenotypes based on age of onset of disease and also to define the proxies of microbial exposure prior to the baseline assessment of asthma. The use of self/ parental-reported asthma is a limitation as it is likely to be less reliable than a physician's diagnosis. However our definitions of self/parent-reported asthma has been validated against a definition that included bronchial hyper-responsiveness 33 .
In conclusion, we have shown for the first time that farming exposure in early-life modified the relationship between polymorphisms in the TLR6 gene and asthma that started in early life. Our finding may provide some explanation to the lack of consistent evidence in genetic and gene by environment interaction studies especially when asthma phenotypes based on age of onset were not clearly defined. Replication of our finding using longitudinal studies with repeated measurements of objective markers such as endotoxin and distinct phenotypes of asthma are needed to fully explore these relationships. Our work has provided some indication of a possible mechanism in which microbial products may interaction with TLR in a well-defined asthma group.
Methods

Study design -Tasmanian Longitudinal Health Study (TAHS). The design of the TAHS, as well
as the prevalence of asthma at baseline and follow-up, has been reported elsewhere 20 . In brief, the TAHS commenced in 1968 with recruitment of all school children in Tasmania born in the year 1961 and 8,583 (99% of all eligible subjects) were enrolled. These children (probands) underwent clinical examinations including lung function measurement, and parents completed a respiratory health survey for each child. The parents also completed separate surveys for themselves. Follow-up surveys were completed in 1974, 1981 and 1992 at the ages of 13, 20 and 31 years, respectively.
The 2002 follow-up survey traced 7,380 (87.31%) of the original 1968 cohort to an address 34 and achieved a response from 5,729 (78.4%) to a postal survey. A subgroup of these respondents, enriched for cases of asthma or cough reported in childhood or adulthood, were invited to participate in a more detailed laboratory study. Of the 2,387 invited, 1,389 (58.5%) took part in a full laboratory visit, 354 (15%) completed a telephone questionnaire or laboratory visit only, and 630 (26.5%) withdrew. This analysis was based on those who had successful genotyping (n = 1,215). Of those who provided their blood sample for genotyping, majority of them (97.6%) were born in Tasmania (93.4%) or other states in Australia (4.2%) and are of Anglo-Celtic ancestry. . The reference group was those who did not report asthma at any survey. The cut-off for early onset was set at the age of 13 years which has been consistently used in previous studies 15 and we have shown some differences in characteristics within the TAHS using this cut-off 21 .
Definitions of Exposure. Two proxy measures of exposure to a farming or rural environment in our study:
"Childhood farm exposure" was defined from the father's occupation obtained from the school medical record completed by the parents before the child commenced primary school when aged 5 years. Occupations were coded using the Australian Standard Classification of Occupations (ASCO) four-digit classification 35 and codes 1311-1314, 4611-4614, and 9211 were defined as "Farmer".
"Childhood rural environment" was measured by residential remoteness using the postcode of the school that the child attended in 1968 and was based on the Australian Standard Geographical Classification (ASGC) 36 . "Rural environment" was defined as those in groups 'outer regional Australia' , 'remote Australia' and 'very remote Australia' .
Definitions of baseline characteristics. 'Maternal asthma and/or hay fever' and 'paternal asthma and/or hay fever' were defined by a parent having asthma and/or hay fever from the 1968 survey. 'Parental smoking' was defined as probands with either or both parents who reported a history of smoking in the 1968 survey. Childhood eczema and hay fever was reported by parents at the 1968 survey.
Genotyping. DNA samples were isolated from whole blood samples obtained from each participant.
Genotyping was performed for the following genes: TLR2 (rs4696480, rs1898830, rs3804100), TLR4 (rs1927911, rs46986790), TLR6 (rs1039559, rs5743810) and CD14 (rs2915863, rs5744455, rs2569190). The selection of SNPs were based on previous candidate gene studies that had examined the relationship with either asthma, hay fever or atopic sensitisation 12, 16, 19, 37 . Genotyping was performed using Taq-Man allelic discrimination 5′ nuclease assays (Applied Biosystems, Foster City, CA, USA) according to the manufacturer's protocol. Fluorescence was measured by an ABI7900HT Fast Real-Time PCR System (Perkin-Elmer, Waltham, MA, USA).
Sensitivity analysis.
To further explore other phenotypes within early-onset asthma, we have categorised early-onset asthma into transient early-onset asthma and persistent early-onset asthma. Individuals with early-onset asthma who also reported having asthma at age 45 years was categorised into early-onset persistent asthma while individuals who did not have asthma at age 45 years was group into early-onset transient asthma. Asthma under 5 years of age may not be true asthma and hence we repeated our main analysis by excluding participants who had their first asthma attack before the age of 5 years. Table 5 . Association between TLR6 polymorphisms in an additive genetic model and childhood farm exposure on early-onset and late-onset asthma. All models were adjusted for sex, maternal and paternal history of asthma and/or hay fever, and personal history of atopy at baseline.
*
The number represents those with one or two T-alleles.
# The number represents those with one or two C-alleles.
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Statistical analyses. All analyses were performed using STATA ver13.1 (StataCorp LP, College Station, TX).
Deviation from Hardy-Weinberg equilibrium was tested using a Pearson chi-squared test in the reference group (never asthma).
The association between proxies of microbial exposure or SNPs and early-onset/late-onset asthma was assessed using multinomial logistic regression. All analyses were adjusted for sex, maternal and paternal asthma and/or hay fever at baseline, and atopy at age 7 years.
The association between the SNP and asthma outcomes was examined using all four types of genetic models (dominant, recessive, additive and codominant). To determine the best fitting genetic model for the interaction analysis, we compared the Akaike's information criteria (AIC) and Bayesian information criteria (BIC) for each genetic model for each SNP (Table S3 ). The model with the lowest AIC and BIC scores was selected and presented in the manuscript. The interaction between SNPs and childhood farm exposure or childhood rural environment was examined using a multinomial logistic regression while adjusting for confounders. The interaction was examined by comparing each model with the interaction term to the same model without an interaction term using a likelihood ratio test. A p-value of less than 0.1 from the likelihood ratio test indicates that the models were different and the estimates for the interaction in each subgroup were presented. The p-value from the interaction odds ratio was used to determine the significance of interaction term. For sensitivity analysis, we have only analysed models with significant interaction. The association was analysed in the same manner using multinomial logistic regression.
